lar grain yield occurred despite significant differences in total DM yield over the growing season. Overproduc- when LAI was sufficient (3 to 3.5) to achieve an optimal planted soybean had more total DM than the late-planted soybean.
demonstrated that optimal CGR and yield resulted area index (LAI), and crop growth rate (CGR) than Hardin. Early when LAI was sufficient (3 to 3.5) to achieve an optimal planted soybean had more total DM than the late-planted soybean.
light interception of 95% by R5. However, subsequent
No-tillage systems produced more total DM, LAI, and CGR after studies showed that the relationship between LAI and R3 than the two conventional tillage systems at Arlington. Irrigated optimal CGR varied with environmental conditions systems had higher LAI than the nonirrigated systems. These results (Jeffers and Shibles, 1969) . sis. However, most research has investigated soybean yield compensation using various plant populations (Wells, 1991; Carpenter and Board, 1997; Board, 2000) . S oybean yield is determined by the genetic yield poThere has been a rapid increase in use of soybean in tential and the interactions with environmental concropping systems of the upper Midwest. The region is ditions, and is correlated with the number of seeds and different from the rest of the Corn Belt since no-tillage seed size (Salado-Navarro et al., 1986) . Genetic and systems can yield as well as conventional tillage systems cultural strategies for increasing soybean yield might be (Pedersen and Lauer, 2002; Pedersen and Lauer, 2003) , improved by identifying growth periods where potential sandy soil can yield as well as silt loam soils (Pedersen yield is limited by assimilatory capacity. Schou et al. and Lauer, 2003) , and early planting is not always associ- (1978) concluded that yield is more influenced by ated with higher yield (Pedersen and Lauer, 2003) . Efchanges in source strength during R1 to R7 (Fehr and fects of management system, planting date, and cultivar Caviness, 1977) compared with emergence to R1 peron growth dynamics and yield formation are not well iod. Several studies suggest that yield is more sourceunderstood, especially for the upper Midwest. The obrestricted during the early vs. late reproductive period.
jective of this study was to describe compensatory growth The early reproductive period (R1 to shortly past R5) and alterations in plant development as influenced by is most sensitive to altered source strength and CGR management system and planting date for two new and (Board and Harville, 1994) since it is the time in which one old cultivar grown in Wisconsin. the final pod numbers are formed (Board and Tan, 1995) . Duncan (1986) proposed that greater total DM results Field experiments were conducted during 4 yr (1997) (1998) (1999) (2000) in greater seed yield if the total DM is produced before in five different management systems. These management sysseed initiation. In contrast, found tems were chosen to represent current management practices that both total DM and LAI were poor predictors of in the upper Midwest. Four of the five management systems seed yield. Wells (1991) examined four population-denwere conducted on a Plano silt loam soil (fine-silty, mixed, sity and row-width combinations and showed that simi- (mixed, mesic, Typic Udipsamment) Planting date was used in this study as a means to MG 2.3) , and Spansoy 250 (1995; MG 2.5). All experichange the rate of plant emergence and delay the time ments were planted in 38-cm row spacing. Management pracof flowering. Additionally, delays in emergence and tices and descriptions of the management systems have been previously described (Pedersen and Lauer, 2003 (Fig. 1A) . At R3, Hardin had 6% more nodes on the analysis parameters were made using the techniques given main stem than the other two cultivars. After R5, numby Radford (1967) . Crop growth rate during R1 to R5 was ber of nodes on the main stem was 9% higher for Spancalculated by subtracting total DM at R1 from total DM at soy 250, with no difference between Hardin and CX232.
MATERIALS AND METHODS
R5 and dividing by the number of days of the R1-to-R5 period Formation of nodes on the main stem was more rapid Board (2000) . (Fig. 1B) . Delayed planting tended to reduce at R1 from LAI at R5 and dividing by the number of days from R1 to R5 (Board, 2000) .
the number of nodes produced on the main stem beAll data were subjected to an ANOVA using the PROC tween R1 and R5 compared with the early planting and MIXED procedure (Littell et al., 1996) of SAS (SAS Institute, caused a lower number of nodes on the main stem at 1995) with the six sampling dates analyzed as sub-subplots harvest (15.5) than the early planting (16.3). This is (Gomez and Gomez, 1984) . Individual analysis by year using consistent with work by Egli et al. (1985) . Differences the restricted maximum likelihood method for variance comin number of nodes produced during R1 to R5 can ponent estimation indicated that error variances were heteroresult from differences in the rate of node production geneous. Block was treated as a random effect in the individual or variation in the length of the flower to pod setting analysis by year. Management system, cultivar, and planting period. The differences between the two planting dates date were treated as a fixed effect in determining the expected mean square and appropriate F tests in the analysis of variance.
were primarily because of differences in rate of node Homogeneity of error variances was found for data collected production and not in the length of the flower to pod during 1998 and 1999, and a combined ANOVA was persetting period (data not shown).
formed. For ease of illustration, most emphasis will be focused Soybean in the different management systems tended on the combined analysis; however, data were discussed for to have similar node number on the main stem and each individual year if they deviated from the combined analysmall differences were observed during the vegetative sis. Analysis across years (1998 and 1999) treated year as a stages (Fig. 1C) . From R3 to harvest, the most nodes fixed effect to determine interactions involving year in PROC on the main stem was found at the four management MIXED. Mean comparisons were made by Fisher's protected systems at Arlington, averaging 5% more nodes on the LSD test (P Յ 0.05).
main stem at harvest than the management system at Hancock. Tillage system did not affect node number on
RESULTS AND DISCUSSION
the main stem at Arlington. However, soybean in the two irrigated systems at Arlington averaged 2% more Growing conditions were favorable at the experimennodes on the main stem than those in the nonirrigated tal sites during 1998 and 1999. Rainfall during the growsystems, which is consistent with Korte et al. (1983) . In ing season (May-September) was 591 mm in 1998 and contrast, Momen et al. (1979) observed little effect on 469 mm in 1999. The irrigated management systems at node number from irrigation. Arlington received 120 and 269 mm of irrigation water Changes in plant height followed a similar pattern to beginning at anthesis in 1998 and 1999, respectively, number of nodes on the main stem ( Fig. 2A ,B,C), with whereas the management system at Hancock received CX232 being the shortest variety through out the whole 439 and 221 mm throughout the whole season in 1998 and 1999, respectively. A detailed description of rainfall, growing season ( Fig. 2A) . Increases in plant height had , and (C) manageconventional tillage management system at Arlington; CT ϭ conment systems (CT, Irr. ϭ irrigated, conventional tillage manageventional tillage at Arlington; NT, Irr. ϭ irrigated, no-tillage manment system at Arlington; CT ϭ conventional tillage at Arlington; agement system at Arlington; NT ϭ no-tillage management system NT, Irr. ϭ irrigated, no-tillage management system at Arlington; at Arlington; and Sand, Irr. ϭ irrigated, conventional tillage man-NT ϭ no-tillage management system at Arlington; and Sand, Irr. ϭ agement system at Hancock) during 1998-1999. Reproductive irrigated, conventional tillage management system at Hancock) growth stages are shown for the two planting dates. Vertical bars during 1998-1999. Reproductive growth stages are shown for the represent the LSD (P Յ 0.05) on dates when significant differences two planting dates. Vertical bars represent the LSD (P Յ 0.05) on were found. dates when significant differences were found.
essentially ceased by R5 for all cultivars, management systems, and planting dates. Hardin was 19 and 7% conventional tillage systems. Across all management taller than the CX232 and Spansoy 250 from emergence systems, plants in the two no-tillage systems at Arlington to R3, respectively ( Fig. 2A) . At harvest, Spansoy 250 were 4% taller than the remaining three management was 9 and 20% taller than Hardin and CX232, respecsystems. Doss and Thurlow (1974) observed similar retively.
sults and found plant height increased significantly unSimilar to the number of nodes on the main stem, der irrigation. In 1997 and 2000, the tallest plants were differences in plant height for the two planting dates observed at Hancock (data not shown). An explanation from emergence to seed setting was influenced by the for that could be the difficult establishment and growing postponed development of the reproductive stages conditions at Arlington in those 2 yr (Pedersen and (Fig. 2B) . Planting date did not have an effect on plant Lauer, 2003) . height at harvest. Considering the typical photoperiod Other comparisons of cultivars have shown that even response, this was a surprise and is contradictory to though a cultivar produced the fewest nodes on the previous work by Parvez et al. (1989) , where planting main stem, it may have produced the most nodes on date across a six-week range influenced plant height.
the plant, and more extensive branching (Egli et al., 1985 ; However, their work was conducted in Florida with Parvez et al., 1989) . Unfortunately, nodes on branches other maturity groups of soybean that may have been were not counted in this experiment. All management a factor.
systems and cultivars at both planting dates showed Tillage system and irrigation influenced plant height substantial production of new vegetative sinks between in the management systems at Arlington (Fig. 2C) . Avgrowth stages R1 and R5. Thus, there would be the eraged across the season, plants in the irrigated systems potential for competition for assimilates between vegewere 10% taller than the nonirrigated systems, and plants in the no-tillage systems were 5% taller than the tative and reproductive sinks. 
Dry Matter Accumulation
have also maintained the importance of DM accumulation to soybean yield. However, most studies, like HayDry matter accumulation was similar during 1998 and ati et al. (1995) , have shown that yield is best correlated 1999 and much greater than in 1997 and 2000 (data with an increase in DM accumulation and photosynthenot shown). This difference may be attributed to better sis at R5. establishment, growth, and higher temperatures, but Planting date influenced DM accumulation via a delay also because of more regular, timely rainfall in 1998 because of cooler temperature that also delayed reproand 1999 (Pedersen and Lauer, 2003) . While no yield ductive growth stages (Fig. 3B) . Maximum DM accumudifferences were observed between cultivars, planting lation occurred for the early planting at R6, which was dates, and management systems (Table 1) , it was visually 5% higher than for the late planting date. At R6, fraction obvious that total DM accumulation was different DM in leaves was 56% higher for the early planting (Fig. 3A,B,C) . date compared with the late planting date. The trends Dry matter accumulation peaked around R6 for all were different for percentage DM partitioned in stems. cultivars (average 777 g m Ϫ2 ) before declining. The deBefore R3, the percentage of DM in stems averaged cline in DM was consistent with the onset of leaf senes-18% higher for the late planting date. After R3/R4, cence and coincided with the decline in LAI (Fig. 4A) .
fraction DM in stems was 26% higher for the early Dry matter accumulation for the three cultivars was planting date than the soybean planted later (Fig. 5B) . similar before R5. However, after R5, the gap between Late-planted soybean had 5% higher DM accumulation the three cultivars widened such that DM accumulation at harvest than the early planted in 1997, which may be and the percentage of DM partitioned into leaves attributed to the establishment difficulties at the early (leaves ϩ petioles; Fig. 5A ) and stems (stems ϩ branches; planting date. Fig. 6A ) of CX232 and Spansoy 250 exceeded that of Management system did not affect time of emergence Hardin. By harvest maturity, CX232 and Spansoy 250 (data not shown), but did affect subsequent DM accuhad 5 and 11% greater DM accumulation than Hardin, mulation (Fig. 3C ). Dry matter of the four management respectively. Hardin partitioned proportionally less DM systems at Arlington consistently lagged behind the into stems than CX232 and Spansoy 250, and thus DM management system at Hancock. Before R1, no differaccumulation of Hardin was significantly lower during ences were observed between the four management systhe seed filling period (Fig. 3A) . In 2000, Hardin had tems at Arlington, but these averaged 27% less total 3% lower and 3% higher DM accumulation than CX232 DM than the management system at Hancock. After R1, and Spansoy 250, respectively. These results are consissoybean plants in the two no-tillage systems at Arlington tent with those of Kumudini et al. (2001) and support developed more rapidly and fractioned relatively more the assertion that genetic improvement of cultivars has DM in stems (Fig. 6C) , producing 6% more total DM resulted in continued carbon assimilation further into at harvest maturity than the conventional tillage systhe seed filling period. The results also agree with Wells tems. No total DM differences were observed between (1991), where despite cultivar differences in DM accumulation, cultivars yielded similarly. Several researchers the irrigated and nonirrigated systems at Arlington. no differences were observed between the other culti- Egli et al. (1987) described a 500 g m Ϫ2 total vegetative vars that averaged 1.59 (Table 1) . After R1, the gap DM threshold as desirable at R5. This threshold was between CX232 and Spansoy 250 and the older cultivar attained by all cultivars, management systems, and
Hardin widened, and the LAI rose to a maximum planting dates, and indicated that reduced growing conaround R5 for the three cultivars ( Fig. 4A ; Table 1 ). ditions before flowering for some treatments was comNo difference was observed between CX232 and Spanpensated before R5 (Fig. 3A,B,C) . In addition, biomass soy 250 throughout the growing season. However, in was about 800 g m Ϫ2 at physiological maturity, a level 1997 and 2000, Spansoy 250 had significantly greater associated with optimum pod production (Board and LAI than CX232 and Hardin. The trends observed sugHarville, 1994).
gest that the onset of senescence occurred about the same time for both Hardin and the two newer cultivars,
Leaf Area Index
but the decline in LAI of Hardin was more rapid, resulting in lower LAI throughout the seed filling period. A management system by planting date interaction Thus, CX232 and Spansoy 250 maintained greater LAI was observed at R1 (Table 1) . At Arlington, LAI at R1 for a longer duration than Hardin. The pattern for DM was 76% greater for the late planting date compared accumulation correlated well with the pattern in LAI with the early planting date, and no differences were for the three cultivars. Kumudini et al. (2001) observed observed between planting dates at Hancock (data not a similar pattern between old and new cultivars and shown). A planting date ϫ cultivar interaction was obconcluded that new cultivars have the ability to accumuserved at R5 (Table 1) . Leaf area index for Hardin was late more DM during the seed filling period because of 19% lower compared with the newer cultivars in the greater light interception and photosynthesis. management systems at Arlington, and no differences Board and Harville (1994) reported that optimal light were observed among cultivars at Hancock. interception during vegetative and the early reproducLeaf area index at R1 was similar for the three cultivars with the highest LAI found for CX232 (1.69) and tive period was not required to maximize yield. Our data period. Irrigation influenced LAI at Arlington. After show that LAI was highest during the early reproductive period and peaked at approximately R5.5 to R6. The R3/R4, LAI was 6% higher in the irrigated systems than in the nonirrigated systems, which is in agreement with early planted soybean had a 6% higher LAI at R6 than delayed planting (Fig. 4B ). This is, to our knowledge, Scott and Batchelor (1979) . Shibles and Weber (1966) demonstrated that optimal the first observation of planting date response to pattern of LAI through the whole growing season in the up-CGR and yield resulted when LAI was sufficient (3.0-3.5) to achieve an optimal light interception of 95% per Midwest.
Before R3, LAI was on average 31 and 9% greater by R5. However, subsequent studies showed that the relationship between LAI and optimal CGR varied with for the first two sampling dates, respectively, for the management system at Hancock compared with the four environmental conditions (Jeffers and Shibles, 1969) . The three cultivars reached a LAI of 3.0 and optimum management systems at Arlington (Fig. 4C) . This resulted in a maximum LAI around R4 for the managelight interception approximately 10 d after flowering (Fig. 4) . The early planted soybean achieved optimal ment system at Hancock compared with the management systems at Arlington that peaked at R5/R5.5. After light interception at 60 DAE compared with 45 DAE for the late-planted soybean. The four management sys-R3/R4, LAI was 7% lower for the two conventional tillage system at Arlington compared with the other tems at Arlington reached optimum light interception at the same time (55 DAE) or 5 d later than the managethree management systems. Our results contradict results by Yusuf et al. (1999) , who found LAI to be larger ment system at Hancock. Thus, the potential photosynthetic capacity of the in a conventional tillage system compared with a notillage system before R5, but we did not see any differplants differed in favor of the no-tillage system at Arlington throughout the pod and seed filling period. The ence in the LAI during the majority of the seed filling times greater LER than late-planted soybean, and no differences were observed between planting dates at Hancock. The management system at Hancock maintained CGR from R1 to R5 similar to the two no-tillage systems at Arlington despite a 27% higher LAI at R1 since the LER from R1 to R5 was 59% lower at Hancock (Table 1) .
Seasonal CGR patterns were highly associated with total DM (Fig. 3A,B,C) and LAI (Fig. 4A,B,C) . These data correspond well with previous observations by Board (2000) . Crop growth rate for Hardin was 29 and 41% lower than CX232 and Spansoy 250 at R6, respectively (Fig. 7A) . No differences in CGR or LER were observed among the three cultivars from R1 to R5 (Table 1) , and cultivars had similar DM accumulation (Fig. 3A) and LAI patterns (Fig. 4A) .
Delayed planting resulted in a more rapid CGR after emergence than early planting likely because the temperature was warmer. During R1 to R5, CGR averaged 8% higher for delayed planting. At R6, CGR for the delayed planting was 61% lower than the early planting date despite LERs for the early planting were four times higher than the late planting (Table 1) . No difference in CGR was observed for the two planting dates in 1997 and 2000.
Crop growth rate was highly influenced by management system throughout the season. During vegetative growth stages, the highest CGR was at Hancock, averaging 30% greater than the four management systems at Arlington. No CGR differences were observed among to have an initial higher CGR than those in no-tillage (P Յ 0.05) on dates when significant differences were found. systems before R2. However, after R2, soybean in notillage systems possessed a greater CGR than those in management system at Hancock had higher LAI during conventional tillage systems, which was similar to our the vegetative period and early flowering, but declined results. Irrigation did not affect CGR in the convenat a faster rate when the photosynthetic capacity mattional tillage system at Arlington. However, irrigation tered most ( Fig. 4C; Table 1 ). Greater LAI of CX232 influenced the no-tillage system in a positive (20%) and Spansoy 250 will enable greater radiation absorpdirection at R5. After R6, no significant difference was tion during seed filling, especially when LAI values are found among the five management systems. below the critical value for 95% radiation interception. This was, however, never the case in this study. The greater LAI during the seed filling period is consistent SUMMARY with the maintenance of DM accumulation later into
The two new cultivars accumulated more DM, and the seed filling period of newer cultivars.
had a higher LAI and CGR during seed filling than the old cultivar. Planting date influenced growth and
Crop Growth Rate and Leaf Expansion Rate development at Arlington; however, no differences were observed at Hancock. Small differences were ob-A management system ϫ planting date interaction was observed from R1 to R5 for CGR (Table 1) . Crop served between irrigated and nonirrigated systems at Arlington. However, yield stability in the no-tillage sysgrowth rate was 13% greater for the late-planted soybean than the early planted soybean across the managetem at Arlington compared with the conventional tillage systems were achieved through maintenance of a greater ment systems at Arlington, whereas the early planting date had 14% greater CGR at Hancock than the late LAI , CGR, LER, and total DM accumulation during the seed filling period. Yield stability of the manageplanting date. A management system ϫ planting date interaction was observed for LER from R1 to R5 ment system at Hancock and for the late planting date at Arlington was achieved through high LAI, CGR, and (Table 1) . Early planted soybean at Arlington had 4.8
